Introduction {#sec1}
============

Although ubiquitous, and one of the most studied substances on Earth, water is still shrouded in mystery.^[@ref1]−[@ref5]^ Supercooled water---water that remains liquid below its freezing point---exhibits pronounced anomalous properties, such as decreasing density, increasing isothermal compressibility, and isobaric heat capacity with decreasing temperature.^[@ref3],[@ref6]^ Also, structural dynamics are significantly slower in supercooled water than in normal water.^[@ref7],[@ref8]^ Recently, the rotational mobility of trehalose, a solute that strongly interacts with water through hydrogen bonding, has been studied by nuclear magnetic resonance (NMR) in aqueous solutions over a wide range of concentrations and over a temperature range encompassing the supercooled and normal regions.^[@ref9]^ Winther et al.^[@ref9]^ found that the trehalose tumbling rate is lower than the rate predicted by the Stokes--Einstein--Debye (SED) equation due to a secondary dynamic solvent effect, where the trehalose molecule slows down the structural dynamics of water in the hydration layer, which in turn slows down its rotation. They also found^[@ref9]^ that the ratio between measured and limiting SED tumbling times is a nonmonotonic function of temperature showing a maximum in the supercooled region, which was explained by the fact that the activation energy for structural water dynamics changes less in the hydration layer than it does in the bulk water. An interesting question arises: does the translational diffusion of a solute follow the Stokes--Einstein relation in the supercooled region?

Rotational diffusion of solute molecules has been studied extensively through the years using electron paramagnetic resonance spectroscopy (EPR), primarily with stable nitroxide spin probes (nitroxides). In 1976, the first EPR article on supercooled water^[@ref10]^ presented a study of the rotational correlation time, τ~R~, of the spin probe di-*tert*-butyl nitroxide (DTBN) in supercooled water in the temperature range 240--288 K. The rapid increase of the ESR line widths with decreasing temperature below 273 K was attributed to the rapid increase of the viscosity of supercooled water.^[@ref10]^ Another study of the rotation of DTBN in supercooled water^[@ref11]^ reported an anomalous behavior of the hydrodynamic radius of the probe below 273 K that was connected to the dynamics of the clusters of water molecules with four H-bonds and to their growth, as well as to the effect of local viscosity. Banerjee et al.^[@ref12]^ have studied the rotation of the small polar spin probe 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) in interstitial deeply supercooled water of polycrystalline ice, from 90 to 300 K. They observed two fractions of TEMPOL with different mobility and fragility in interstitial supercooled water of polycrystalline ice. By varying the degree of confinement of the supercooled water fraction in ice/water mixtures, Banerjee et al.^[@ref13]^ have recently shown that the rotational mobility of probe molecules, surprisingly, increases in water with stronger confinement. They argued that ice-like regions are present in loose confinement, while these regions are suppressed in supercooled water with stronger confinement, which increases the fluidity of water molecules and thereby increases the rotation of the probe. Bhat et al.^[@ref14]^ have measured the EPR spectra of TEMPOL in rapid-quench-formed amorphous water in the temperature range 140--210 K and have found evidence that in this region supercooled water coexists with crystalline (cubic) ice.

In nature, droplets of highly supercooled water, at temperatures as low as 235.5 K, have been observed in deep convective clouds.^[@ref15]^ Supercooled water at this extremely low temperature was attributed to small droplet size and the absence of ice nuclei. For that reason, the spin probe EPR method has been used to study small droplets of supercooled water confined in a polyuria microcapsule^[@ref16]^ and a silica gel with a high hydration level.^[@ref17]^

Using a precise method of least-squares nonlinear EPR spectral line fitting, our group has recently studied the rotation of four small nitroxide probes in supercooled bulk water, down to 251 K.^[@ref18]^ Although the rotation of the spin probes was about an order of magnitude slower than the rotation of water molecules, when the probes' rotational correlation times were scaled to the rotational correlation time of water, their functional dependence appeared to be very similar. Interestingly, the rotational correlation times of the probes can be fit well to a power law functionality with a singular temperature of 228 K, just like many other physical quantities.^[@ref19]^ We also found^[@ref18]^ that the activation energies of the rotation of the probes and water viscosity in ambient water are very close, while in the supercooled region the activation energies of the probes' rotation are greater than that of the viscosity of water. The hydrodynamic radius calculated from the rotational correlation time of the probes clearly indicated two distinct dynamical regions crossing at 277 K. The change in hydrodynamic radius was correlated to the change in density fluctuations.

EPR has not been employed to study translational diffusion in supercooled water. In principle, Heisenberg spin exchange (HSE) studies of nitroxides provide an ideal method because of two facts: (1) spin exchange only occurs upon contact during the short period of time, τ~c~, during which the unpaired spin orbitals of the two nitroxides overlap, and (2) the mean time between successive spin exchanges within a cage, τ~RE~, and the long-time-averaged spin exchange rate constants, *K*~ex~, may be measured independently.^[@ref20],[@ref21]^

The collision rate constant, *K*~D~, is related to *K*~ex~ as follows:where *f*~eff~ is an effective steric factor.^[@ref22]^ Therefore, a measurement of *K*~ex~ provides an estimate of the collision rate constant. Furthermore, for nitroxides where significant spin density resides over the entire molecule, *f*~eff~ ≈ 1.^[@ref22]^ The factor 1/2 in eq [1](#eq1){ref-type="disp-formula"} is due to the fact that only spin exchange between nitroxides with different electron spin quantum numbers affects the spectrum.^[@ref23]^

For identical spheres of radius *r*~ex~, the Smoluchowski equation relates *K*~D~ to the diffusion coefficient of one of the spheres, *D*, as follows:where 2*r*~*ex*~ is the distance at which spin exchange occurs.^[@ref23]^

The translational diffusion coefficient is often approximated by the Stokes--Einstein equationwhere *r*~Stokes~ is the radius of a sphere diffusing in an incompressible fluid of shear viscosity η, *k*~B~ is the Boltzmann constant, and Θ is a coefficient that embodies the boundary condition (BC); Θ = 1 corresponds to stick and Θ = 3/2 to slip BC.^[@ref24]^ Combining eqs [2](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"} and changing concentration units to mol/L yieldin units L/mol s, where *R* is the gas constant. Setting *r*~ex~ = *r*~Stokes~ leads to the well-known Stokes--Einstein--Smoluchowski (SES) expression, independent of the size of the sphere.^[@ref23]^

In practice, the HSE method did not reach its full potential until recently because dipole--dipole (DD) interactions introduce spectral changes that compete with those due to HSE and a sound method to separate the two was not previously available. Recently, we have been able to separate the two effects^[@ref25]^ by extending the theoretical approach proposed by Salikhov.^[@ref21]^

We interpret the results of this study in terms of a simple model in which two molecules suffer a first-time collision (an encounter) with rate constant *K*~D~ followed by a series of recollisions (re-encounters) within a "cage" with mean frequency 1/τ~RE~. We refer to the former as being due to macroscopic diffusion and the latter due to microscopic diffusion.

The purpose of this work is to study microscopic and macroscopic diffusion of perdeuterated 2,2,6,6-tetramethyl-4-oxopiperidine-1-oxyl (pDTO) in normal and supercooled water and integrate these findings into those gleaned from studies of the rotational diffusion of the same molecule.

Theory {#sec2}
======

Both HSE and DD broaden the lines, induce a dispersion component, and shift the lines.^[@ref21]^ The fact that the induced dispersion and line shifts have opposite signs for DD and HSE,^[@ref21],[@ref26]^ while the line broadening has the same sign, enables one to successfully separate the two contributions.^[@ref25]^ Since the HSE-DD separation method has been published in detail in ref ([@ref25]), we will present only a short overview of it here.

The HSE rate constant may be calculated from the concentration dependence of HSE broadening, *B*~ex~, as followswhere γ is the gyromagnetic ratio of the electron and *c* (mol/L) is the concentration. Combining eqs [1](#eq1){ref-type="disp-formula"}, [4](#eq4){ref-type="disp-formula"}, and [5](#eq5){ref-type="disp-formula"} yields a hydrodynamic estimate of the HSE broadening constant from the SES equation

Using nonlinear least-squares EPR spectral fitting,^[@ref27]^ it is possible to extract from the EPR spectrum^[@ref28],[@ref29]^ the resonance fields of the lines, *H*~*M*~*I*~~, the peak-to-peak line widths Δ*H*~pp~^0^(*c*)~*M*~*I*~~, mixing parameters which are used to extract the separate Lorentzian, Δ*H*~pp~^L^(*c*)~*M*~*I*~~, and Gaussian, Δ*H*~*pp*~^*G*^, contributions to Δ*H*~pp~^0^(*c*)~*M*~*I*~~, the peak-to-peak amplitudes of the absorption components, (*V*~pp~)~*M*~*I*~~, and the extremum values of the dispersion components, (*V*~disp~)~*M*~*I*~~, where *M*~*I*~ = +1, 0, and −1 represent the low-, middle-, and high-field lines, respectively. Once the spectral parameters are extracted, the total broadening of the *M*~*I*~ line may be calculated as follows:where *B*~dip~ is the DD broadening. *B* is independent of *M*~*I*~ for values of *B*/*A*~0~ ≪ 1 where *A*~0~ is the hyperfine spacing at *c* = 0; however, because the outer lines broaden faster than the central line, it must be replaced by its average over three lines, ⟨*B*⟩. See Figure 7 of ref ([@ref30]).

The ratio of the dispersion extremum values to the absorption heights (*V*~disp~)~*M*~*I*~~/(*V*~pp~)~*M*~*I*~~ corrected for instrumental dispersion and a small nonlinearity with *B*/*A*~0~ employing eqs [3](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"} of ref ([@ref31]) denoted by *M*~*I*~(*V*~disp~/*V*~pp~)~*M*~*I*~~^\#^ is proportional to *B*/*A*~0~ as follows:^[@ref25]^

There are two independent values of the LHS of eq [8](#eq8){ref-type="disp-formula"} which should satisfy +(*V*~disp~/*V*~pp~)~+~^\#^ = −(*V*~disp~/*V*~pp~)~−~^\#^. We denote the average of the two values by (*V*~disp~/*V*~pp~)^\#^ and use one-half the difference as an estimate of the systematic fitting error. If the low-field extremum is positive and the high-field negative, HSE dominates so *k* is positive. The opposite holds when DD dominates.^[@ref21],[@ref25]^

The ratio of the broadening by HSE to the overall broadening, Ω, is calculated from *k*where *b* depends on the details of the molecular diffusion. Using the permanent diffusion model,^[@ref21]^ we have shown that *b* = 4/19 gives a negligible error in the separation of DD and HSE.^[@ref25]^ The values of *B*~ex~ are computed from eq [9](#eq9){ref-type="disp-formula"}, and the values of *B*~dip~, from eq [7](#eq7){ref-type="disp-formula"}.

The resonance fields of the *M*~*I*~ = ± 1 absorption lines are shifted by coherence transfer induced by both DD and HSE. One-half the difference in these fields, *A*~abs~, varies quadratically with ⟨*B*⟩/*A*~0~.^[@ref23]^ Spin precession during τ~c~ and during the mean time between re-encounters, τ~RE~, shifts the *M*~*I*~ = ±1 lines linearly with *B*~ex~/*A*~0~ = Ω ⟨*B*⟩/*A*~0~.^[@ref21],[@ref25],[@ref29]^ Adding the two contributions, we getwhereEquation [11](#eq11){ref-type="disp-formula"} supposes that τ~c~ ≪ τ~*R*E~*.*^[@ref20]^ The value of τ~c~ is estimated to be approximately 10^--13^ s,^[@ref22]^ while the value of τ~RE~ is about 10^--10^ s, [Figure S9](#notes-2){ref-type="notes"}.

Materials and Methods {#sec3}
=====================

Perdeuterated-Tempone (pDTO - CDN Isotopes -- Lot\# P607P2) was used as received. Three stock solutions of pDTO at concentrations of 30.4, 49.25, and 70.39 mM were prepared by weight in water. These solutions were diluted to other intermediate concentrations of 0.095, 0.2, 0.496, 0.985, 2.47, 7.56, 10, 12.6, 15, 17.6, 20, 25.3, 34.42, 39.4, 44.34, 55.71, 60.58, and 65.3 mM. The samples were drawn into 5-μL capillaries (radius ≈ 150 μm), which were then sealed at both ends by an open flame. EPR spectra were taken with a Bruker ESR 300E spectrometer equipped with a Bruker variable temperature unit. The sample temperature, which was held stable within ±0.2 °C, was measured with a thermocouple using an Omega temperature indicator. The thermocouple tip was always positioned at the top of the active region of the EPR cavity, to avoid reducing the cavity quality factor. Samples were measured in steps of 2 K in a temperature range from 259 to 279 K and in steps of 5 K in a temperature range from 283 to 303 K. Samples were equilibrated at each temperature for at least 5 min to ensure a uniform temperature throughout the sample. Five first-harmonic EPR spectra were acquired at each temperature employing a sweep time of 84 s, microwave power of 5 mW, time constant of 20.5 ms, sweep width of 50.2 G, and modulation amplitude of 0.2 G. The spectra were then transferred to a personal computer and were analyzed using the computer program Lowfit as detailed previously.^[@ref29]−[@ref31]^ After preliminary runs, the final data set includes 1590 EPR spectra which may appear to the reader as overkill; however, our intention was to obtain very careful data with high statistics with which to test future software and theoretical ideas.

Results {#sec4}
=======

Figure [1](#fig1){ref-type="fig"} shows an experimental EPR spectrum of 70 mM pDTO in water at 264 K together with its fit. To illustrate the EPR spectral fitting method, the experimental spectrum is separated into absorption and dispersion components. The residual, showing only minor contributions from ^13^C lines, indicates an excellent fit. The positive values of +(*V*~disp~/*V*~pp~)~+~^\#^ and −(*V*~disp~/*V*~pp~)~−~^\#^ indicate that HSE dominates the DD interaction.

![Experimental EPR spectrum of 70 mM pDTO in water at 264 K (top trace). The second trace shows the three absorption lines, and the third, the three dispersion lines extracted from the fit of the experimental EPR spectrum. The fourth trace is the residual, the difference between the experimental spectrum, and the sum of the absorption and dispersion lines, showing that the fit is excellent; only the hyperfine lines due to ^13^C in natural abundance are evident. Note that the positive dispersion for the low field line and negative dispersion for the high field line indicate that HSE is dominant.](jp-2014-01330x_0002){#fig1}

The total broadening rate constant d⟨*B*⟩/d*c* and that due to HSE, d*B*~ex~/d*c* as functions of *T*/*η* for pDTO in water are presented in Figure [2](#fig2){ref-type="fig"}. The data analysis leading to the values of d⟨*B*⟩/d*c* and d*B*~ex~/d*c* has been published previously^[@ref25]^ and is reported in detail in the [Supporting Information](#notes-2){ref-type="notes"}. The solid line is the SES equation, eq [6](#eq6){ref-type="disp-formula"}, assuming that *r*~ex~ = *r*~Stokes~, setting *f*~eff~ = 1, and assuming stick BC, Θ = 1. The right-hand ordinate, *K*~ex~, is computed from eq [5](#eq5){ref-type="disp-formula"}, and *K*~D~ is twice that value assuming *f*~eff~ = 1.

![Total (■) and HSE (●) broadening constants versus *T*/η for pDTO in water, left ordinate. The HSE rate constant, the right ordinate, is computed with eq [5](#eq5){ref-type="disp-formula"}. The solid lines through the data are linear least-squares fits to guide the eye. The solid line is the SES prediction, eq [6](#eq6){ref-type="disp-formula"}. The error bars are standard deviations of five measurements and are less than the size of the symbols.](jp-2014-01330x_0003){#fig2}

The Stokes--Einstein (SE) expression describing the DD broadening rate constant, d*B*~dip~/d*c*, in the motional narrowing limit is as follows:^[@ref32],[@ref33]^where 2*r*~c~ is the distance of closest approach between the two nitroxide dipoles and *C*~dip~ = 763 (K·G)/(cP·M).^[@ref32],[@ref33]^ The dephasing rate constant due to DD can be found from d*B*~dip~/d*c* using *W*~dd~ = (γ√3/2)d*B*~dip~/d*c*.^[@ref25]^ When the spin probe is immobilized, d*B*~dip~/d*c* approaches 49.03 G/M.^[@ref32]^ Figure [3](#fig3){ref-type="fig"} shows d*B*~dip~/d*c* and *W*~dd~ as functions of *η*/*T.* The solid line is the SE prediction, eq [12](#eq12){ref-type="disp-formula"}, assuming *r*~c~ = *r*~Stokes~. As can be observed the data are described rather well by the simple hydrodynamic prediction in that d*B*~dip~/d*c* varies monotonically with η/*T*. We note that although d*B*~dip~/d*c* is reasonably well described by the SE in water, it is very poorly described in more viscous systems.^[@ref25],[@ref31]^

![DD broadening constant of pDTO versus η/*T* in water. The dephasing rate constant due to DD, *W*~dd~ = (γ√3/2)d*B*~dip~/d*c*, the right ordinate. The solid line is the SE prediction for pDTO, eq [12](#eq12){ref-type="disp-formula"}. The error bars are the standard deviations of five consecutive measurements.](jp-2014-01330x_0004){#fig3}

The values of κ~ER~ from the fits to eq [10](#eq10){ref-type="disp-formula"} in [Figure S3](#notes-2){ref-type="notes"} can be used in eq [11](#eq11){ref-type="disp-formula"} to obtain the rate of re-encounters 1/τ~RE~. Figure [4](#fig4){ref-type="fig"} shows 1/τ~RE~ versus *T*/*η*. The solid line in Figure [4](#fig4){ref-type="fig"} is the reciprocal of the SE prediction for the mean time between re-encounters given by^[@ref34]^

![Re-encounter rate versus *T*/η for pDTO in water. The diamonds represent the data taken from ref ([@ref49]). The solid line is the Stokes--Einstein prediction assuming 2*r*~c~ = 7.0 Å, eq [13](#eq13){ref-type="disp-formula"}. The error bars are the standard deviations of five consecutive measurements.](jp-2014-01330x_0005){#fig4}

To draw the line in Figure [4](#fig4){ref-type="fig"}, we have assumed that *r*~Stokes~ and *r*~c~ are equal to the van der Waals radius of pDTO, *r*~vdW~ = 3.5 Å.^[@ref34]^ The behavior of 1/τ~RE~ is decidedly not hydrodynamic.

Discussion {#sec5}
==========

From Figure [2](#fig2){ref-type="fig"} it can be seen that the HSE rate constant d*B*~ex~/d*c* of the probe behaves hydrodynamically; that is to say, it varies monotonically with *T*/η and even in remarkable agreement with the SES equation, eq [6](#eq6){ref-type="disp-formula"}, in view of the assumptions inherent in the SES relation. Figure [3](#fig3){ref-type="fig"} shows that d*B*~dip~/d*c* behaves hydrodynamically as well. These results might be expected since the *r*~vdW~ = 3.5 Å is greater than that of the water molecule, 1.4 Å,^[@ref13]^ the probe perceives the collective behavior of the surrounding water molecules as a continuum. Also, d*B*~ex~/d*c* and d*B*~dip~/d*c* do not show any noticeable difference between the supercooled and normal regions. From the point of view of macroscopic diffusion as reported by HSE and DD, the water in the measured temperature interval can be viewed as one kind of liquid.

Figure [4](#fig4){ref-type="fig"} shows a peculiar upturn in the re-encounter frequency as the temperature is decreased below 276 ± 2 K. Such an upturn cannot be reconciled by a hydrodynamic theory. Winther et al.^[@ref9]^ have found that the ratio of the measured tumbling time to the limiting tumbling time, calculated from the SED equation and assuming the bulk water viscosity and hydration volume equal to the apparent solute volume as a function of temperature, is nonmonotonic and reaches a maximum in the supercooled region, at 255 K, Figure 9 in ref ([@ref9]). This maximum represents a maximal slowing of the solute due to the secondary dynamic effect of water molecules in the hydration layer. If τ~RE~ is plotted as a function of *T*, Figure S9 in the [Supporting Information](#notes-2){ref-type="notes"}, it has a maximum just like τ~R~/τ~R~^0^ in Figure 9 in ref ([@ref9]). This similarity might indicate that the slowing down of τ~RE~ is caused by the similar interactions between pDTO and its hydration layer. On the other hand, there are several differences between these two cases. Trehalose has eight hydroxyl groups which can form hydrogen bonds, while pDTO is a nitroxide radical which can form two H-bonds^[@ref35]^ due to the NO^•^ moiety, while the rest of the molecule is hydrophobic. pDTO is soluble in both water and alkanes,^[@ref34]^ while trehalose is not soluble in alkanes.^[@ref9]^ Also, the rotation of trehalose at 293 K, τ~R~ = 117 ps,^[@ref9]^ is about 1 order of magnitude slower than the rotation of pDTO at the same temperature τ~R~ = 19 ps.^[@ref18]^ Therefore, it is very likely that trehalose and pDTO interact with the hydration layer slightly differently. This can be seen by comparing the hydrodynamic radius of pDTO calculated by the SED equation from the measured rotational correlation time, Figure 4b in ref ([@ref18]), to τ~R~/τ~R~^0^ in Figure 9 in ref ([@ref9]), which shows opposite behavior. Note that the ordinates in the two figures differ just by a constant. Also, the minimum in Figure 4b in ref ([@ref18]) is at about 277 ± 2 K, which is about 20 K higher than the maximum in Figure 9 in ref ([@ref9]).

Can the upturn in the re-encounter frequency be reconciled by turning to a free volume view of diffusion? In contrast with classical hydrodynamics, which assumes a continuous liquid, theories are based on intermolecular cavities dating from the early work of Frenkel,^[@ref36]^ who showed that, even under full compression, free volume exists. The viscosity and diffusion are related to the free volume, thus offering an alternative view of diffusion often accompanied by ideas of "jumps." To put values of 1/τ~RE~ into the context of free volume, we define a simplified geometrical fraction of free volume as follows:where *V* is the volume of the sample and *V*~molecule~ is the volume of molecules within the sample. Taking the molecules as spheres of radius *r*~vdW~ = 1.4 Å,^[@ref13]^ we haveFigure [5](#fig5){ref-type="fig"} shows the values of 1/τ~RE~ as a function of the density (bottom axis) and simplified geometrical fraction of free volume (top axis). The re-encounter rate appears to be a linear function of both density and free volume; the minimum re-encounter rate occurs at ρ = 1.0 g/cm^3^ and φ = 0.62, or 277 K. This may mean that this short-time diffusion behavior is influenced by the availability of free space into which the probe might be trapped. As the equilibrium freezing point and the temperature of maximum density have no special significance for the dynamic behavior of supercooled water, it is puzzling that we observe the minimum re-encounter rate close to 277 K. At the moment, we do not know why that is so; we hope that MD simulations of pDTO in water might give some answers.

![Re-encounter rate versus the density (bottom axis) and simplified fraction of free volume (top axis) for pDTO in water, eq [15](#eq15){ref-type="disp-formula"}. The diamonds represent the data taken from ref ([@ref49]). The error bars are the standard deviations of five consecutive measurements. The error bars are the standard deviations of five consecutive measurements.](jp-2014-01330x_0006){#fig5}

Although the fractional free volume in water is high, it has been discovered that the cavities in water are distributed in smaller packets due to the small size of water molecules.^[@ref37]^ On the other side, due to the fact that the water molecules have the same number of donor and acceptor sites arranged tetrahedrally, water can form a cage around even nonpolar solutes without disrupting much of its hydrogen bonding.^[@ref38],[@ref39]^ Actually, the number of H-bonds might be slightly higher,^[@ref38]^ so the hydration layer can be viewed as an elasticated net,^[@ref39]^ or a dynamic cage.^[@ref38]^ Several extensive MD studies^[@ref40]−[@ref42]^ have shown that both rotational and translational diffusion of water are affected by the presence of long-lived molecular cages. Between steps of continuous diffusion water molecules spend a considerable amount of time in cages. Similarly, we hypothesize that the nitroxide probes during an encounter might be trapped in a cage. Figure [5](#fig5){ref-type="fig"} suggests, but does not prove, that part of the microscopic diffusion process as reflected by 1/τ~RE~ depends on free volume, in other words, the availability of cages. Note that the detailed relationship between free volume and the density depends on the system, but in any case they are very likely monotonic functions of one another.

It is of interest to compare the diffusion coefficients for pDTO derived from EPR with those for water using other techniques. Diffusion coefficients may be computed from the experimental quantities as follows:^[@ref32],[@ref43]^

Figure [6](#fig6){ref-type="fig"} compares the diffusion coefficients of pDTO in water (open symbols) using EPR, eqs [16](#eq16){ref-type="disp-formula"} -- [18](#eq18){ref-type="disp-formula"}, with those of water (filled symbols) using NMR,^[@ref44]^ tracer experiments,^[@ref45]^ and quasi-elastic neutron scattering,^[@ref7]^ scaled by 1.4 Å/3.5 Å to put them on the same scale of the ordinate as the diffusion coefficients of pDTO, eq [3](#eq3){ref-type="disp-formula"}. The two solid lines correspond to the SES estimates using stick BC (Θ = 1, lower line) or slip BC (Θ = 3/2, upper line), respectively. Figure [6](#fig6){ref-type="fig"} shows that not only pDTO but also water molecules themselves behave hydrodynamically, with water fitting numerically within the stick and slip BC of the SES relation. The data for pDTO are numerically below these limits; however, small adjustments in either *r*~ex~/*r*~Stokes~ (see ref ([@ref32])) or *f*~eff~ (see ref ([@ref22])) could even render these data numerically consistent with the SES equation. At any rate, even without adjustments in either *r*~ex~/*r*~Stokes~ or *f*~eff~, a hydrodynamic description is remarkably good. Clearly, translational diffusion of both water and pDTO vary smoothly through both 277 and 273 K. Figure [6](#fig6){ref-type="fig"} also highlights the fact that the short-time, microscopic diffusion as reflected by *D*~τ~RE~~, is poorly characterized by a hydrodynamic description. Since two water molecules are hydrogen bonded to the N--O^•^ moiety,^[@ref35]^ when two pDTO molecules encounter there could be additional hydrogen bonding between the hydrogen bonded waters of the pair. These solvent-mediated interactions might enhance the short time diffusion of pDTO above what is expected from a force-free model. Unfortunately, according to our knowledge there is no simple way to estimate the effect of these interactions. Again, perhaps MD simulations of pDTO in water could resolve this effect.

![Translational diffusion coefficients of pDTO in water derived from EPR using HSE, open squares, using DD, open circles, and using re-encounter frequency, open diamonds. Translational diffusion coefficients of water scaled by 1.4 Å/3.5 Å from NMR,^[@ref44]^ filled circles, from tracers,^[@ref45]^ filled diamonds, and from quasi-elastic neutron scattering,^[@ref7]^ filled squares. The upper, lower lines are the hydrodynamic predictions corresponding to slip or stick BC, respectively. These same lines correspond to the diffusion of pDTO and to the scaled values of diffusion for water.](jp-2014-01330x_0007){#fig6}

By using time-resolved transient absorption spectroscopy, Stickrath et al.^[@ref46]^ measured the primary geminate recombination and cage escape times of alkyl radicals in water over a temperature range from 0 to 80 °C. Caged radical pairs are produced by photodissociation from their parent molecule in a cage. Accounting for the differences between pDTO and the alkyl radicals, the values of τ~RE~ measured in this work are several times smaller than the values of the cage escape time obtained in ref ([@ref46]). In the same way, we assume that the re-encounters and rotation of pDTO very likely occur in molecular cages made of a dynamic network of tetrahedrally coordinated water molecules.^[@ref18],[@ref40],[@ref41],[@ref46]^ Therefore, it is anticipated that these two dynamic processes should be influenced by the microstructure and microdynamics of the surrounding water molecules. From Figure [4](#fig4){ref-type="fig"}, one can see that (i) the re-encounter rate is faster than the hydrodynamic prediction, eq [13](#eq13){ref-type="disp-formula"}, assuming the distance of closest approach is two times the van der Waals radius, *b* = 7.0 Å, and (ii) the re-encounter rate increases as the temperature is decreased below 276 ± 2 °C. The decrease with decreasing *T*/*η* in the normal region is as expected for a normal liquid and is the same as observed in the case of pDTO^[@ref34]^ and the nitroxide spin probe 3β-doxyl-5α-cholestane in a series of *n*-alkanes.^[@ref22]^

Recently, the rotational diffusion of pDTO in water was investigated over the same temperature range. There, we introduced an effective hydrodynamic radius of the probe *r*~R~ which could be found from rotational correlation time *τ*~R~ using the Stokes--Einstein--Debye equation

We found that *r*~R~ varied with temperature which we attributed to the changing BC under rotation. The relationship between *r*~R~ and *r*~vdW~ depends on the BC as follows: *r*~R~ = 0 slip and *r*~R~ = *r*~vdW~ for stick BC. The behavior of *r*~R~ with temperature was very similar to that of the density fluctuations,^[@ref18]^ and it is opposite to the normalized tumbling time τ~R~/τ~R~^0^ of trehalose^[@ref9]^ and the time between re-encounters τ~RE~ of pDTO. The similarity between Figure 4 of ref ([@ref18]) and Figure [4](#fig4){ref-type="fig"} in this paper is that the temperature of change is the same within the experimental error, which might suggest that the BC under microscopic translation might be responsible for the dependence in Figure [4](#fig4){ref-type="fig"}.

Nevertheless, we cannot conclude on the basis of the present data that a varying BC is responsible because the density varies in this region and secondary order dynamic solvent effects might be partially responsible. Perhaps experiments under pressure holding the density constant and MD simulations could resolve this issue.

Conclusions {#sec6}
===========

The translational diffusion of pDTO in water and supercooled water is obtained independently from HSE and DD using our recently developed method for separating the effects of these interactions on EPR spectra. The diffusion coefficients, measured either by HSE or DD, are remarkably predicted by simple hydrodynamic considerations. The diffusion of the probe is similar to the diffusion of water when the diffusion coefficients of the two molecules are scaled according to their size. The frequency of re-encounters does not follow a hydrodynamic description, showing an upturn in frequency as the temperature is decreased below 276 ± 2 K. Although the re-encounter time and the effective radius extracted from the rotational correlation time show opposite behavior with temperature, both of them show evident differences in normal and supercooled water. The precision of the present measurements does not permit a distinction between the melting point and the point of maximum density as the beginning of the upturn. Therefore, whether the re-encounter rate depends on the properties of the first hydration layer or on the density, or a combination of the two, cannot yet be distinguished.

Text describing the method employed for data analysis. Figure S1 showing total broadening ⟨***B***⟩ versus pDTO concentration in water; Figure S2 showing the values of (*V*~disp~/*V*~pp~)^\#^ versus the total normalized broadening; Figure S3 showing normalized absorption hyperfine coupling spacing versus normalized broadening; Figure S4 showing an EPR spectrum for pDTO in the absence of HSE and DD simulated by the EasySpin^[@ref47],[@ref48]^ function chilli; Figure S5 showing the rotational correlation time ***τ***~R-out~ extracted by spectral fitting from the EPR spectra of pDTO simulated by *xchange.m* (chilli) versus the rotational correlation time ***τ***~R-in~; Figure S6 showing the HSE frequency *f*~ex-out~ extracted by spectral fitting from the EPR spectra of pDTO simulated by *xchange.m* (chilli) versus the HSE frequency *f*~ex-in~; Figure S7 showing normalized absorption hyperfine coupling spacing versus normalized broadening due to HSE only for different values of the rotational correlation time ***τ***~R~ simulated by *xchange.m*; Figure S8 showing dispersion-absorption height ratio versus normalized broadening due to HSE only for different values of the rotational correlation time ***τ***~R~ simulated by *xchange.m*; and Figure S9 showing re-encounter time and rotational correlation time versus temperature for pDTO in water. This material is available free of charge via the Internet <http://pubs.acs.org>.
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